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QUICK INTRODUCTION
• PHD FROM UNIVERSITY OF MANCHESTER, UK, 2008 ON USE OF ALTERNATIVE FLUIDS FOR 
POWER TRANSFORMER INSULATION.
• DESIGN ENGINEER FOR THALES ELECTRONICS 2000 – 2004 ON AVIONICS AND 
COMMUNICATIONS SYSTEMS.
• RESEARCHER AT MONASH UNIVERSITY BETWEEN 2007 AND 2012, CENTRE DIRECTOR FOR 
POWER TRANSFORMER RESEARCH 2010 TO 2012.
• JOINED UQ IN 2013, CURRENTLY A LECTURER IN POWER AND ENERGY SYSTEMS 
ENGINEERING, SPECIALISING IN ASSET MANAGEMENT OF POWER INFRASTRUCTURE.
• TRANSFORMER-RELATED RESEARCH AND CONTINUING PROFESSIONAL DEVELOPMENT 
COURSES PURSUED UNDER THE TIC BRAND AT THE UNIVERSITY OF QUEENSLAND.
TRANSFORMER INNOVATION CENTRE
• VISION: BRING INNOVATIVE TECHNOLOGIES AND TRAINING TO THE 
INDUSTRY
• COST : $200M PA TO MAINTAIN AND 12 FAILURES P.A. COSTING 
$MILLIONS
• AIM : UNDERTAKE INDUSTRY INITIATED RESEARCH AND PROVIDE CPD 
COURSES TO INDUSTRY ENGINEERS
• PARTNERS : UQ, QUT, GRIFFITH UNIVERSITY AND INDUSTRY
• ESTABLISHED 2017
FUTURISM
Working with partners to establish:
• How will networks be operated 5, 10 and 15 years into 
the future?
• What technical challenges will there be?
• What solutions will be required?
• Is there a business case for innovation?
• How should TIC research fit into this?
OPTIMISING USE OF TRANSFORMERS IN 
NETWORKS WITH A HIGH LEVEL OF 
RENEWABLES
As more and more renewables are integrated into the system, the challenges the 
utilities will face on owning power transformers will be:
• Lowly-loaded transformers are now run at high load in reverse, which has to be 
taken account in insulation life and costing models
• Undesirable effects on insulation due to harmonics and pulses from grid-connected 
inverters.
Our vision is to create the technologies required by the utilities to transition to a 
renewables-rich grid.
Consortium of industry has been founded, strategic plan put in place to raise funding 
for team.
• Working with power quality expert at UQ: Prof. Firuz Zare.
45
HIGH FREQUENCY MODELLING OF 
DISTRIBUTION TRANSFORMERS
COLLABORATION WITH UQ POWER ELECTRONICS EXPERT: PROF. FIRUZ ZARE TO 
INVESTIGATE HIGH FREQUENCY MODELLING OF DISTRIBUTION TRANSFORMERS 
WITH HIGH PENETRATIONS OF RENEWABLE ENERGY SYSTEMS: LIFETIME AND 
RESONANCE PREDICTIONS
DEVELOP A SUITABLE SIMULATION MODEL TO CONSIDER DISTRIBUTION NETWORK 
BEHAVIOUR UNDER DIFFERENT GRID CONDITIONS.
INVESTIGATE THE LEVELS 
OF HARMONICS AND 
TRANSIENTS ON OUR 
NETWORKS.
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STATISTICS OF CATASTROPHIC FAILURE
Goal: provide up to date statistics of transformer fires and explosions, 
to help the utilities with their planning decisions.
2016 failure study on Australian power transformer statistics – 81,000 
service years of operation.
2017 NZ utilities join in survey.
2018 joint paper published in this conference with University of 
Canterbury, NZ. Nearly 90,000 service-years of operation.
Working group established with engineers from three local utilities to 
guide project.
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USE OF VEGETABLE OILS AND SYNTHETIC 
ESTERS – PRIMARY PROJECTS
Network resilience project – exploring thermal properties of fluids, 
and ascertain how transformer can be safely run at very high load.
Design criteria for retrofilling transformers project – list of issues for 
the utilities to consider.
Establishment of working 
group authorised by steering 
committee last week to help 
guide direction.
LEARNING OBJECTIVES
• TRANSFORMER OIL-PAPER INSULATION AND AGEING
• HOW TO APPLY CALCULATIONS TO DETERMINE LIFE REMAINING
• THE ROLES OF AIR AND WATER ON AGEING
• MOISTURE MEASUREMENTS AND CHALLENGES
• LATEST TECHNIQUES USING CAPACITIVE PROBES, AND COMPARISON WITH 
OTHER TECHNIQUES
• CHALLENGES
• REMAINING USEFUL LIFE ESTIMATION
• STATISTICAL SURVEY ON FAILURE
• USEFUL LIFE OF A POWER TRANSFORMER
• USING NAMEPLATE AGE VS. CONDITION
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TRANSFORMER OIL AND PAPER INSULATION 
AND AGEING: LIFE REMAINING CALCULATIONS 
• Motivation and background
• Existing IEC and IEEE models only use temperature to determine the life 
expectancy of paper insulation.
• Water and oxygen also degrade paper (models exist)
• In this project we set out to accurately measure water.
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IEC60076/7 LOADING GUIDE UPDATE
• IN THE 2005 VERSION MODEL TO ESTIMATE LIFE EXPECTANCY OF TRANSFORMER 
INSULATION PAPER WAS PURELY THERMAL.
• IN THE LATEST 2018 VERSION THE LIFE EXPECTANCY MODEL HAS BEEN UPDATED TO 
ALSO INCLUDE THE EFFECTS OF WATER AND OXYGEN.
SEMINAR WILL BE BASED AROUND OUR WORK
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FITTING IN TO THE PREVIOUS RESEARCH
• MID 1990s EMSLEY RELATED PAPER AGEING AND THE EFFECT OF OXYGEN AND WATER TO AN 
ARRHENIUS RELATIONSHIP, WHERE THE A VALUE IS RELATED TO THE OXYGEN AND WATER 
CONTENT OF THE SYSTEM.
  =   ×  
   
  
• 2004 THE LUNDGAARD GROUP IN NORWAY PERFORMED A SERIES OF THERMAL PAPER 
AGEING EXPERIMENTS USING SEALED VESSELS AND DEDUCED A VALUES. HOWEVER, SINCE 
OXYGEN IS CONSUMED, AND WATER IS BOTH GENERATED AND CONSUMED (DEPENDING ON 
PREDOMINATE CHEMICAL REACTION), THEIR LEVELS WILL CHANGE DURING AGEING.
• OUR MOTIVATION WAS TO KEEP OXYGEN AND WATER LEVELS CONSTANT AND INVESTIGATE 
RATE OF AGEING.
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REFRESH - DEGREE OF POLYMERISATION
Figure from Moser & Dahinden, “Transformerboard II”, Weidmann, 1987
• Paper is formed of very long chains of glucose monomers. The average 
number of monomers in a chain is the degree of polymerisation.
• Over time these chains break into smaller ones.
• For new paper, DP is over a 1000, new transformer DP≈1000, at end of life 
DP=200 (definition when tensile strength has fallen to 25% of new value –
IEC 60076/7).
RELATIONSHIP BETWEEN DP AND TENSILE 
STRENGTH
Figure from Moser & Dahinden, “Transformerboard II”, Weidmann, 1987
Question for the audience
• Why use DP and not tensile 
strength?
OUR PART
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WCP %
KINETIC EQUATION TO DETERMINE LIFE 
EXPECTANCY OF PAPER INSULATION
• Degradation of paper is caused by oxygen, water and temperature.
  =   ×      ×  
• Where, K is reaction rate, 
• A is the number of collisions between the molecules (oxygen or water and paper) that 
could react per hour,
• Time is in hours,
• C is the proportion of the colliding molecules that have sufficient kinetic energy to 
react.
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KINETIC EQUATION
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   
  
DP after a given 
time
200 = end of life
DP at start
1000 = new
Time Activation 
energy 111 
kJ/mol
Gas 
coefficient 
8.314 J/mol
Temp(K)
Number of collisions per hour 
between molecules that can 
result in a reaction
Proportion of 
molecules colliding 
that have sufficient 
energy to react
Reaction rate K
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REACTION RATE
1
               
−
1
       
=  
Reaction rate K
Figure from Lelekakis, Martin, and Wijaya , “Ageing Rate of Paper Insulation used in Power Transformers: Part 2: oil/paper system with medium and high 
oxygen concentration”, IEEE Transactions on Dielectrics and Electrical Insulation, Vol. 19, Iss. 6, pp. 2009 – 2017, Nov 2012. 
WCP % WCP %
A-VALUES FOR KRAFT INSULATION PAPER
Figure from Lelekakis, Martin, and Wijaya , “Ageing Rate of Paper Insulation used in Power Transformers: Part 2: oil/paper system with medium and high 
oxygen concentration”, IEEE Transactions on Dielectrics and Electrical Insulation, Vol. 19, Iss. 6, pp. 2009 – 2017, Nov 2012. 
LIFE EXPECTANCY
WCP
Figure from Lelekakis, Martin, and Wijaya , “Ageing Rate of Paper Insulation used in Power Transformers: Part 2: oil/paper system with medium and high 
oxygen concentration”, IEEE Transactions on Dielectrics and Electrical Insulation, Vol. 19, Iss. 6, pp. 2009 – 2017, Nov 2012. 
TRACKING LIFE REMAINING IN REAL TIME
                =
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−
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We can rearrange this equation to calculate the 
fall in DP over a given time period from now until 
the near future(e.g. 5, 30 or 60 minutes).
The temperature is the hotspot.
The DP continues to fall over successive time-
blocks.
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LIFE LOST
• Life lost can also be expressed as a number between 1 (DP=1000) and 0 
(DP=200), beneficial because the fall in DP is not linear.
    =
  
1
200   −  
1
1000
  ×  
  
  
This is the duration at that 
temperature divided by the 
estimated life at the temperature.
Obviously, total life lost is: 
     
 
 
Figure from Lelekakis, Martin, and Wijaya , “Ageing Rate of Paper Insulation used in Power Transformers: Part 2: oil/paper system with medium and high 
oxygen concentration”, IEEE Transactions on Dielectrics and Electrical Insulation, Vol. 19, Iss. 6, pp. 2009 – 2017, Nov 2012. 
WCP %
CALCULATING WATER CONTENT OF PAPER 
USING ONLINE SENSOR
Motivation was to create an accurate technique to 
measure the water content of paper
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TRADITIONAL KARL FISCHER THEN ISOTHERM
• SAMPLE OF OIL DRAWN FROM TRANSFORMER, ITS TEMPERATURE IS MEASURED
• WATER CONTENT OF OIL IS MEASURED USING A KARL FISCHER TITRATION
• PAPER ADSORPTION ISOTHERMS USED TO DETERMINE WATER CONTENT OF PAPER
For this 33/11 kV 
12.5 MVA highly 
inaccurate!
Likely due to load 
profile
DIELECTRIC RESPONSE
• HAVE TO REMOVE TRANSFORMER FROM USE TO TEST
THIS GAVE US THE MOTIVATION TO INVESTIGATE FURTHER – A METHOD 
WAS DESIRED THAT COULD BE SET UP ONLINE.
FIELD STUDIES
• INVESTIGATED VARIOUS TECHNIQUES TO DETERMINE 
WATER CONTENT OF PAPER FROM SENSOR DIPPED 
IN OIL – IN PARTICULAR HOW TO ADJUST WCP
CALCULATION FOR NONEQUILIBRIUM AND 
TEMPERATURE GRADIENTS.
FIELD STUDIES
Comparison of determining water content of 
paper measured using water activity sensors 
and dielectric response
WCP using water 
activity 
(% by weight)
WCP using 
dielectric 
response (% by 
weight)
Comments
1 3.7 3.9
2 3.7 3.6
3 2.8 3.7 On-line dryout between 
measurements
4 0.3 0.5
CASE STUDY – 8/10 MVA UNITS
• MOST POWER TRANSFORMERS RUN AT A FAIRLY LOW WINDING TEMPERATURE, WHERE 
THERE IS NOT MUCH OF A YEARLY CHANGE IN PAPER DP TO TEST MODELS.
• A UTILITY HAS RECENTLY HAD A LARGE-SCALE SOLAR PV SITE CONNECTED TO THEIR 
NETWORK.
• FOR AN OPTIMAL ECONOMIC SOLUTION THE UTILITY DECIDED TO ALLOW THEIR POWER 
TRANSFORMER TO RUN AT A HIGHER LOAD THAN BEFORE TO CONSUME THE REMAINING 
INSULATION LIFE BEFORE REPLACING.
• THIS HAS ALLOWED US TO TEST OUR PAPER AGEING MODEL.
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Thermal model input
Load Ambient temperature
          ⇒  1 = 82 ° ,  2 = 75 °  
0
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D
P
Date
T1 T2
81 °C
76 °C
38 °CT1 43 °C
77 °C
61 °CT2 43 °C
Water content of paper deduced to be 
1.5%. Furans used to estimate DP.
What           produces this degree 
of ageing?
Last two temperatures are very similar 
to those deduced from thermal model.
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SUMMARY
• Life remaining of paper calculations are useful to determine the natural end-
of-life of the insulation. However, obviously other failure modes exist.
• Water and oxygen both reduce the life expectancy of paper.
• Equation to estimate life remaining discussed.
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STATISTICAL SURVEY
• REMAINING USEFUL LIFE ESTIMATION
• STATISTICAL SURVEY ON FAILURE
• USEFUL LIFE OF A POWER TRANSFORMER
• USING NAMEPLATE AGE VS. CONDITION – HEALTH INDEX
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2016 AUSTRALIAN POWER TRANSFORMER 
FAILURE SURVEY
• Motivation and background
• As part of UQ’s research agenda looked at how to determine the optimal point 
when to replace a power transformer. 
• Future survival is probabilistic when no obvious failure path is present.
• Last survey performed by Petersen & Austin in the late 90s.
• Industry resurveyed – last count utilities operating 98% of the 6,000 power 
transformers in Australia responded with data on failures, retirements and 
operating units.
• DEFINITIONS: Failure is when the transformer was scrapped after the 
fault (non-repairable), catastrophic failure is when either an explosion or fire 
occurred.
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DATA COLLECTION
• Distribution is ≤ 66 kV AT LEAST 1 MVA, subtransmission is 110 & 132 kV, transmission 
is ≥ 220 kV
• All utilities in Australia surveyed for data.
• 6,057 power transformers owned by utilities, 5,921 covered by this survey, 199 failures, 
387 retirements.
• Data truncated from 2000 onward (81,000 transformer years).
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SURVIVAL
S
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Survival of transformers, using the 
Kaplan-Meier estimator
The average life (survival = 0.5) is:
79 years for distribution.
61 for subtransmission.
Most transmission transformers have been 
retired due to network augmentation. There 
have been insufficient failures & retirements 
to see the average life. (However, Weibull 
distribution can be used to estimate it – 58 
years within bounds 55 and 68 years.)  
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INTERPRETATION OF WEIBULL CURVE
Hazard 
function 
(rate of 
failure)
β is the shape parameter of the Weibull distribution
Figure 3 from IEC 61649:2008
14
INTRODUCTION TO THE WEIBULL 
DISTRIBUTION
• Two coefficients are fitted to our failure data, then, 
the PoF can be calculated for any age power 
transformer. (Shape and scale parameters.)
• ±95% confidence intervals fitted to data to allow 
for variability.
• The Cumulative Distribution Function (CDF) 
shows the proportion of assets which have failed 
by a certain year.
• The CDF should not finish at 0.999 because not 
every transformer in our population has failed! 
Data on surviving units by the end of our 
observation window is required.
• A unit that has not failed by end of 2015 is 
‘censored’.
Failure statistics for power 
transformers ≤ 66 kV 
occurring 2000 - 2015
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WHAT DOES THE WEIBULL DISTRIBUTION TELL 
US I?
Median rank is the y-axis plotted
As ln(ln(1/1-y-value))
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WHAT DOES THE WEIBULL DISTRIBUTION TELL 
US II?
Two distributions present for the 
lower voltage populations.
Age-related failures begin at around 
20 years (end of useful life).
Why? Need to analyse individual 
failure modes.
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ANALYSIS OF FAILURE DATA I
≤ 66 kV transformers:
Winding is predominant 
mode of fail.
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ANALYSIS OF FAILURE DATA II
110 & 132 kV 
transformers:
Mostly ‘other’ failures 
early on. 
Some bushing failures.
Winding failures begin 
to predominate.
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ANALYSIS OF FAILURE DATA III
≥ 220 kV transformers:
Absence of early or 
random failure modes.
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OUR WEIBULL COEFFICIENTS
D. Martin, J. Marks, T. Saha, O. Krause, and N. Mahmoudi, “Investigation into Modelling Power Transformer Failure 
and Retirement Statistics”, IEEE Transactions on Power Delivery, vol. 33, no. 4, Aug. 2018.
USEFUL LIFE
• WEAR-OUT PHASE BEGINS 
AROUND 20 YEARS.
• HOWEVER, MUST REMEMBER THAT 
TRANSFORMERS ARE NOT BUILT 
OR USED EQUALLY!
• MAY BE SOME DIFFERENCES 
DEPENDING ON UTILITY.
• DURING RANDOM FAILURE 
PERIOD CAN USE STATISTICAL 
TOOLS TO INVESTIGATE 
RANDOMNESS
6
QUESTION
WHEN A TRANSFORMER PASSES 20 YEARS OLD AND ENTERS THE WEAR-OUT ZONE, DOES THIS 
MEAN?
A) YOUR ONE TRANSFORMER HAS A HIGHER RISK OF FAILURE
B) WITHIN A LARGE POPULATION OF TRANSFORMERS MORE OF THEM HAVE STARTED FAILING
RESULTS
5
Cumulative distribution 
function shows difficult to 
ascertain whether there is 
a statistically significant 
difference between 
different utilities
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STATISTICAL TOOLS TRIED
• ALL STATISTICAL TOOLS HAVE A FUNDAMENTAL ASSUMPTION, WHICH IF NOT CORRECT CAN LEAD TO 
AN INCORRECT OUTCOME – DIFFERENT ONES TRIED..
• ANOVA (ANALYSIS OF VARIANCE) DETERMINED UNLIKELY TO BE A STATISTICALLY SIGNIFICANT 
DIFFERENCE – USES ASSUMPTION OF GAUSSIAN DISTRIBUTION IS VALID.
• POISSON DISTRIBUTION – ASSUMPTION THAT UNDERLYING STATISTICAL DISTRIBUTION IS RANDOM.
4
D. Martin, T. K. Saha, G. Buckley, S. Chinnarajan and T. MacArthur, “Analyzing Differences in Useful Life of Power 
Transformers across Utilities for Better Strategic Spares Management”, accepted for IEEE PESGM, 2018.
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Row Interval 
(years)
Failures Probability of 
observed number 
of failures 
occurring
1 20 0 0.99
2 1,300 0 0.44
3 100 0 0.93
4 220 0 0.87
5 3,000 0 0.16
6 1,500 0 0.41
7 2,700 3 0.14
8 140 0 0.92
9 190 0 0.89
10 300 0 0.83
11 220 1 0.12
12 1,700 3 0.07
Rows 5 and 7 have almost the same interval, different number of failures, but their 
observed probability of this outcome being random is nearly the same!
CONCLUSIONS
• DIFFERENCES BETWEEN UTILITIES DO NOT SEEM STATISTICALLY SIGNIFICANT.
• THEREFORE, SAME FAILURE RATE CAN PROBABLY BE USED.
• A FURTHER STUDY LOOKING AT WHAT HAPPENS AFTER 20 YEARS, AND THE INFLUENCE OF CONDITION 
IS UNDERWAY.
1
USING HEALTH INSTEAD OF AGE
• HIGHLY SUBJECTIVE, LOOKING INTO LARGE-FLEET ANALYSIS.
• VARIOUS METRICS PROPOSED BY AUTHORS – MAINLY BASED ON IEC OR IEEE LIMITS.
• WILL START TESTING.
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THE END 
THANKS FOR LISTENING
DR DAN MARTIN
D.MARTIN6@UQ.EDU.AU
FURTHER READING
• D. MARTIN, J. MARKS, T. SAHA, O. KRAUSE, AND N. MAHMOUDI, “INVESTIGATION INTO MODELLING POWER 
TRANSFORMER FAILURE AND RETIREMENT STATISTICS”, IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 33, NO. 4, AUG.
2018.
• D. MARTIN, J. MARKS, AND T. SAHA, “SURVEY OF AUSTRALIAN POWER TRANSFORMER FAILURE MODES AND RETIREMENTS”, 
IEEE ELECTRICAL INSULATION MAGAZINE, VOL. 33, NO. 5, PP. 16-22, 2017.
• M. MUKHERJEE, D. MARTIN, S. V. KULKARNI, AND T. SAHA, “A MATHEMATICAL MODEL TO MEASURE TRANSIENT MOISTURE 
CONTENT IN CELLULOSE INSULATION IN A TRANSFORMER USING FICK’S LAW”, ACCEPTED FOR PUBLICATION, IEEE 
TRANSACTIONS ON DIELECTRICS AND ELECTRICAL INSULATION.
• D. MARTIN, O. KRAUSE, AND T. SAHA, “MEASURING THE PRESSBOARD WATER CONTENT OF TRANSFORMERS USING 
CELLULOSE ISOTHERMS AND THE FREQUENCY COMPONENTS OF WATER MIGRATION”, IEEE TRANSACTIONS ON POWER 
DELIVERY, VOL. 32, ISS. 3, PP. 1314-1320, JUNE 2017.
• D. MARTIN AND T. SAHA “A REVIEW OF THE TECHNIQUES USED BY UTILITIES TO MEASURE THE WATER CONTENT OF 
TRANSFORMER INSULATION PAPER”, IEEE ELECTRICAL INSULATION MAGAZINE, VOL. 33, ISS. 3, MAY-JUNE 2017.
• D. MARTIN, T. SAHA, R. DEE, G. BUCKLEY, S. CHINNARAJAN, G. CALDWELL, J. ZHOU, AND G. RUSSELL, “DETERMINING WATER 
IN TRANSFORMER PAPER INSULATION: ANALYZING AGING TRANSFORMERS”, IEEE ELECTRICAL INSULATION MAGAZINE, 
VOL. 31, NO. 5, PP. 23 – 32, 2015.
• D. MARTIN, T. SAHA, T. GRAY, AND K. WYPER, “DETERMINING WATER IN TRANSFORMER INSULATION: EFFECT OF 
MEASURING OIL WATER ACTIVITY AT TWO DIFFERENT LOCATIONS”, IEEE ELECTRICAL INSULATION MAGAZINE, VOL. 31, NO. 
3, PP. 18 – 25, 2015.
FURTHER READING
• N. LELEKAKIS, J. WIJAYA, D. MARTIN, T. SAHA, D. SUSA, AND C. KRAUSE, “AGING RATE OF GRADE 3 PRESSPAPER
INSULATION USED IN POWER TRANSFORMERS”, IEEE TRANSACTIONS ON DIELECTRICS AND ELECTRICAL INSULATION, VOL. 
21, NO. 5, PP. 2355-2362, 2014.
• C. PERKASA, N. LELEKAKIS, T. CZASZEJKO, J. WIJAYA, AND D. MARTIN, “A COMPARISON OF THE FORMATION OF BUBBLES 
AND WATER DROPLETS IN VEGETABLE AND MINERAL OIL IMPREGNATED TRANSFORMER PAPER”, IEEE TRANSACTIONS ON 
DIELECTRICS AND ELECTRICAL INSULATION, VOL. 21, NO. 5, PP. 2111-2118, 2014.
• N. LELEKAKIS, J. WIJAYA, D. MARTIN, AND D. SUSA, “THE EFFECT OF ACID ACCUMULATION IN POWER-TRANSFORMER OIL 
ON THE AGING RATE OF PAPER INSULATION”, IEEE ELECTRICAL INSULATION MAGAZINE, VOL. 30, NO. 2, PP. 19 – 26, MAR. 
2014.
• D. MARTIN, C. PERKASA, AND N. LELEKAKIS, “MEASURING PAPER WATER CONTENT OF TRANSFORMERS: A NEW APPROACH
USING CELLULOSE ISOTHERMS IN NONEQUILIBRIUM CONDITIONS”, IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 28, 
NO. 3, PP. 1433 – 1439, JULY 2013.
• N. LELEKAKIS, D. MARTIN, AND J. WIJAYA , “AGEING RATE OF PAPER INSULATION USED IN POWER TRANSFORMERS: PART 1: 
OIL/PAPER SYSTEM WITH LOW OXYGEN CONCENTRATION”, IEEE TRANSACTIONS ON DIELECTRICS AND ELECTRICAL 
INSULATION, VOL. 19, ISS. 6, PP. 1999 – 2008, NOV 2012. 
• N. LELEKAKIS, D. MARTIN, AND J. WIJAYA , “AGEING RATE OF PAPER INSULATION USED IN POWER TRANSFORMERS: PART 2: 
OIL/PAPER SYSTEM WITH MEDIUM AND HIGH OXYGEN CONCENTRATION”, IEEE TRANSACTIONS ON DIELECTRICS AND 
ELECTRICAL INSULATION, VOL. 19, ISS. 6, PP. 2009 – 2017, NOV 2012. 
• N. LELEKAKIS, W. GUO, D. MARTIN, J. WIJAYA, AND D. SUSA, “A FIELD STUDY OF AGEING IN PAPER‐OIL INSULATION 
SYSTEMS”, IEEE ELECTRICAL INSULATION MAGAZINE, VOL. 28, NO. 1, PP 12 – 19, JAN 2012. 
